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ABSTRACT 

By  use  of  the  continuum  theory  of  mixtures,  a  theory  is  presented 
for  elartic  conductors.  The  ionic  lattice  and  electronic  gas  as 
separate  continua  constitute  the  members  of  the  mixture.  Balance  laws 
and  jump  conditions  are  given,  and  a  set  of  properly  Invariant  consti¬ 
tute  ~  equations  are  obtained  and  linearized.  The  field  equations  are 
solved  for  a  problem  of  electrostatic  probe,  namely,  a  charged  spherical 
cavity  in  a  solid  plasma. 


This  work  was  supported  by  the  Office  of  Naval  Research. 


1.  INTRODUCTION 


In  recent  years,  a  revival  of  interest  has  reopened  research  in  the 
field  of  electromagnetic  elastic  solids.  Besides  growing  technological 
importance,  certain  fundamental  questions  hitherto  unresolved  gave  impetus 
to  these  studies.  Among  them  are  the  nature  of  electromagnetic  force, 
energy,  and  the  question  of  invariance  of  the  constitutive  functions. 

In  continuum  theories ,  euclidean  invariance  and  the  principle  of  objectivity 
are  taken  as  fundamental,  while  in  electromagnetic  theory,  the  Lorentz 
invariance  is  basic.  For  deformable  bodies  subject  to  electromagnetic 
fields,  a  unification  and  reconciliation  of  these  two  points  of  view  was 
necessary  (cf.  Grot  and  Eringen  [1],  Jordan  and  Eringen  [2],  and  Walker  [3]). 
In  these  works,  a  continuum  was  assumed  to  possess  no  electron  inertia, 
so  that  the  electromagnetic  force  on  the  current  was  transmitted  directly 
to  the  solid  continuum.  In  reality,  in  fact,  the  force  acting  on  the 
current  is  transmitted  to  a  solid  continuum  through  momentum  transferred 
by  the  electrons. 

In  a  recent  work  [4] ,  we  presented  a  continuum  theory  of  charged 
mixtures  capable  of  diffusion,  ionization,  and  recombination.  In  this 
work,  the  effect  of  the  diamagnetic  property  of  electrons  and  ions  was 
also  included.  Here  we  consider  a  mixture  composed  of  polarizable  and 
magnetizable  conductors  and  an  electron  gas  continuum  that  possesses 
inertia. 

Theory  developed  here  is  believed  to  have  potential  application  in 
the  discussion  of  electrical  charges  in  solids  in  particular  in  lightening 
damage,  although  the  latter  problem  requires  the  inclusion  of  thermal 
effects,  in  the  discuss* on  of  near  fields. 


^^3S58t53B!p^gS?5^.»»w<*».*  .•'*---  5i^s«wiv»  »3 


r^S?—«»^*-*  *&-  _T  yv  V  -  »'<: 


2.  BALANCE  EQUATIONS 


The  balance  equations  of  a  mixture  composed  of  an  elastic  conductor 


and  an  electron  gas  continuum  may  be  obtained  as  a  special  case  of 


equations  (2.1)  to  (4.6)  of  reference  [4] .with  the  constraints  that 


0  »  4/rA  *  0  >  a  =  e.s 


(2.1) 


=  0  *  =  0  *  a  =  e 


where  and  li^y  are  respectively  the  mass  production  (or  destruction) 

polarization  transfer 

and  the  rate  of  ^  ^  is  the  partial  polarization,  and 


is  the  partial  magnetization  of  species  a  which  takes  the  values  s  and  e 


associating  the  fields,  respectively,  with  the  ionic  lattice  and  electronic 


gas  continua.  The  balance  laws  and  jump  conditions  are: 


(i)  Conservation  of  Mass: 


(2.2) 


+  ■“''(»(«)?(„))  -  »  *»  ‘'(a)  -  ° 


(2.3) 


[p(a)(V(a)  -  u)]  ♦  n  =  0  on  o 


where  P(a)»  v(a)  are  respectively  the  density  and  the  velocity  of  the  a  th 


species,  and  u  is  the  velocity  of  a  moving  discontinuity  surface  o  with 


exterior  normal  n. 


(ii)  Balance  of  Momentum: 


(2.4) 


k£  ,  SL  .J. 

l(a);k  +  g(a)  +  p(a)(f(a)  “  V(a)}  =  R(a)  in  V(a) 


(2.5) 


r  r  k  k\  J  _k£  .  21 

Ip(a)(v(a)  "  U  “  t^^-3n^  =  R-~>  °n  0 


'(a)  (a)-  k  "  "(a) 


v'vJS 
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If  A{f 

with  R^  and.  subject  to 

«•«  £r(<0=°  -  IRw=° 

a  a 

where  t^,  ?(a)»  ?(a)  *  -(ct)  f'-xj  are, respect! vely^ the  stress  tensor, 
mechanical  body  force,  the  linear  momentum  transfer  in  volume  1/^  -  o 
and  on  the  surface  o,  and  the  body  force  due  to  electromagnetic  origin 
defined  by 


(2.7) 


n  E(s) 
q(s)Ei 


q(e)Ei 


pCs^rn  *j 

i;ni  (s)  Gijk  (s) 


Bk  + 


(2.10) 


on  o 
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with  T^J  and.T^a) 


(2.11) 


subject  to 


K«)-°  -i'w-0 


where  T^,  T^,  and  G^  are  respectively  the  rates  of  angular 
momentum  transfer  in  volume  l/^-o  ana  on  the  surface  a  ,  and  the 
electromagnetic  couple  uafined  by 


‘2cl2>’ 


G..  .+M.  .XB  ,  G,  .  =  0 

~(s)  -(s)  *(s)  ~ (s )  -  -(e) 


(iv'  .s  >u,ervation  of  Energy: 


(2.13)  P(s)e(s)  =  fc(s)V^k  +  P(s)EiS)(~^)  **  JI(s)Bi 


.  1  (es)  .  k  ,  , 

+  26/s)  R(e)u£  +  q(s);k  +  °(s)h(s)  +  e(s) 


(2.14) 


p<e)E(o)  =  t(e>'4*  +  26^  R(e)u28S)  +  +  + 


'Mik  '  “(en.)  r  (e) 

,cx  t  ,  .  1  2  w  k  k.  k£  (a)  k  .  -  _  „ 

(t.15)  (P(a)(c(a)  +  1  v(ti)Xv(a)  -  u  )  -  t(a)v,  -  q^)]^  =  e(a).  on  o 

where  e,-  and  e,  .  are  subject  to 
‘xcO  (a) 


(2.Z 6) 


l  e(oi  =  0  >  I  x  0 


(o) 


Here  e^j,  h(a)»  q(c)’  e(a)  311(1  e(a)  are  resPect^vel>*  tlle  internal 
energy  density,  volume  heat  supply,  surface  heat  flux,  and  the  values 
of  the  rate  of  energy  transfer  in  volume  l^o.  -c  and  on  the  surface  o 
of  the  a  th  component. 


>% 

i 

I 

a 

* 

I 

a 

| 

I 

i 

1 


3j 


3 


fv*f«s***<  *  >*  *  #%*sPf#'?  *'**v *  t>  o«*»>s  * 
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(v)  Principle  of  Entropy,: 


»  r^(a)v  £ (a)  (a)  .  >0  ^n  y 

(2.17)  P(a)n(o)  "  t^)>Sk  "  e(a)  +  n(«)  "  °’  <“> 


-  0 


(2.18)  [PcaAo)^)  -  "k>  '  V^2nk  +  %)  i  °  °'“! 


where  n^  and  n^aj  are  subject  to 

(2.19)  I  n(a)  i  0  »  I  n(a)  =  ° 

o  o. 

Here  n.  ,.  n(o)  and  .'i(o)  are  respectively  the  entropy  volume  density 
and  the  rate  of  entropy  transfer  in  volume  D(o)  -0  and  on  the  surface 
a  of  the  a  th  component. 

For  convenience  me  introduce  the  following  Legendre  transformation 


*<»f  "  £<s) 


-  ^ 


'(S)  P 


(s) 


(2.20) 


r(e). 


•(e)  E  e(e)  ’  3  n(e) 


Carrying  (2.20)  into  (2.17)  and  eliminating  the  P(a)h(a)  from  (2‘17)’ 
by  use  of  (2.13)  and  (2.14),  we  obtain  a  new  form  for  the  energy  inequality 

P/„\  ,  «  .  .  1  rk4  (s)  ,  _1 _  pi  p(s)  +  -i — 

•21)  -  (n(s)6(s)  +  *  6^  (s)  £;k  e(s)  £(s)  i  0(s) 

(s) 


(2 


ii(s) 


'(s) 

^■/sl  •- 


1  ■  J-  u(«»)  +  (s>  *  +  +  n.  .  >  0 

2e(s>  (eA  i,  6‘°>  () 


(2.22) 

i 

„<”U? 
&  ft 

<* 

V-/ 

CD 

(«)  «(e) 

k  a(e) 

+  2MLlk 

+  ^  + 

e5  ^ 

(e) 

8(e) 

’(e) 


,£  (es) 


l(e) 


3i»5l«M'-<A<S'»V'“  '«~<5<'  ~ V*  f. 


»■!/  0 

Here  is  defined  by 


(2  23) 


~ki  -  Jt£  ,  it,  r(s)  ,  „  .>  M 

C(s)  1  '(,)  +  (?(s)  •  5  +  ?{,)  •  ?)s 


where  g  is  the  metric  tensor  of  the  spatial  frame  of  reference  x. 
These  inequalities  must  be  valid  for  all  independent  processes. 

(vi)  Electromagnetic  Field  Equations : 


(2.24) 


(2.25) 


(2.26) 


(2.27) 


1  3?  1 
7x5  cSt*0  *  IE]  x  n  +  ~  [B]u  •  n  =  0 

VxH=~s7  +  ~J>  [H]  xn«i  [D]u  •  n  +  “  J 
~  C  ot  C  ~  ~~~  ~  C  ----  ~  c  ~ 


•  D  *  4rq  ,  [D]  *  n  =  4nq 


V  •  B  »  0  ,  [B]  •  n  *  0 


where  E,  D,  H,  B,  J,  q,  J  and  q  are  respectively  the  electric  field, 
electric  displacement,  magnetic  field,  magnetic  induction,  and  the 
values  of  the  current  and  charge  in  volume  l/-o  and  on  the  surface  of 
discontinuity  o. 

These  quantities  are  related  to  each  other  by 

D5!  +  4”?(S)  •  ?-!-4,(?cs)+ ¥**?(*) 

(2.28)  j  5  q(s)Y(s)  +  q(e)Y(e) 

q  5  q(s)  +  q(e) 


3.  CONSTITUTIVE  EQUATIONS 


He  select  velocity,  magnetization,  and  polarization  of  a  solid  as 
well  as  the  density  of  electron  gas  and  the  first  gradient  of  deformation 
of  an  elastic  solid  continuum  as  independent  constitutive  variables,  i.e., 

/«,  k  „k  Jk  3xX  _  k 

(3,1)  V(S)’  P(s)’  %)>  X  =  X,K*  p(e)’  9(S) 

3X(s) 


The  dependent  variables  are: 


r>  o\  .k£  m  k  Dk  tk  _k 

(j*2)  t(a)’  VCa)’  n(a)’  q(a)’  R(o)‘  ^(s)’  B  ’  e(a)»  n(a) 


The  constitutive  equations  that  obey  the  principle  of  equipresence 
have  the  following  functional  forms. 


(3.3) 


kS.  ki  ,  .  r.  _k  k  « 

C(a)  *  t(a)ipMt  8(S)’  U(es) *  P(s)’  %)’  X,K} 


similar  forms  being  valid  for  other  constitutive  variables. 

The  local  Claus ius-Duhem  inequality  imposes  the  following  restric¬ 
tions  on  the  free  energies 


(3.41 


*(s>  "  <i,(s)(9(s)’  p(s)’  M(s)  ’  X,K) 


V(e)  =  ^(e) (9(e) *  ^e)3 


Substitution  of  (3.4)  into  (2.21)  and  (2.22)  yields 


(3.5) 


P(s)  /  .  ^(s),I  ,  1  ,-k2.  8%)  k  x  (si 

"  %)  +  +  ^  (tW  '  P<*>  "<K  '*"** 


x  ci  ^ 

+  6  ,  {£(s)  ‘  P(s)  ,p(s)^i 

'i 


©)pfS)+  (B1  - 

9(s) 


p  A<®> 

P(s)  .M(s);Hi 

arl. 


k  fl(s) 

1  _£  (es)  .  q(s)  :k  e(s)  .  - 

+  2^ -  R(e)U£  T  2 -  +  "e  ’  n(s)  -  0 

vs)  CeJ  £  ejs)  e(s)  (s) 


A  sitailar  form  may  be  given  for  the  electron  continue. 

Further  simplification  of  (3.5'  can  be  accomplished  if  we  note, 
that  Vj®/,  ,  M^s'  and  6^  may  be  varied  arbitrarily.  The  necessary 

and  sufficient  conditions  for  the  inequality  (3.5)  to  be  valid  for  ail 
arbitrary  variations  of  these  quantities  is  that  the  coefficients  of  these 


quantities  must  vanish,  i.e., 

3** 


(3.6) 


(3.7) 


"(«) 


k£ 

t(e) 


hk£ 

‘(s) 


Isl  qk 

3%>  ’  ’(<■> 

S'? 


0  ,  a  *  e,s 


=  -p 


(e)  3p 


(e)  k£ 
-1 —  S 
(e) 


P(s)  Sxl>K  ,K  ^(s) 


E(S)  +  M,  , 
'  (s) 


B)g 


k£ 


(3.8) 


,  3?/  A 

rk  =  __X§i 

(s)  D(s)  (s)  » 


„K 

B  *  p 


3® 


Lsl 


(s)  3fI(s) 


subject  to 
(3.9) 


e  (!Lw l  P*  +  i!i§i  M *  +  /  ) 

ekim'‘3p(s)  *(s)  3H(s)  "(s)  +  3x,  X,r 

dtk  k  ’ 


At  this  point,  a  remark  is  in  order:  Since  we  are  dealing  with 
the  dynamics  of  deformable  elctrooechanical  materials ,  then  a  question 
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arises  as  to  whether  the  free  energy  density  is  invariant  under  trans¬ 
formations  of  the  spatial  frame  of  reference  or  not.  Clearly,  it  is 
not  unless  one  replaces  and  by  ^(s)  ^(s'’  "*lere  ^s) 

are  respectively  the  values  of  polarization  and  magnetization 

measured  on  the  coordinate  frame  moving  with  material  body.  Htwever, 

k  k 

the  energy  equation  is  written  in  terms  of  P^  and  M(gj»  therefore, 

such  a  replacement  is  not  suitable  because  of  the  restrictions  imposed 

by  the  second  law  of  thermodynamics.  Another  way  of  handling  this 

difficulty  is  to  introduce  a  fictitious  rate  of  electromagnetic  momentum 

k  .k 

so  as  to  obtain  an  energy  equation  written  in  terms  of  and 

The  electromagnetic  momentum  so  introduced  is  not  unique  and  requires 
modification  of  Cauchy's  law,  thus  opening  new  questions. 

As  a  result,  the  question  of  invariance  requirements  for  deformable 
bodies  subject  to  electromagnetic  fields  is  still  an  open  question  and 
must  be  studied  separately.  In  this  regard,  we  refer  the  readers  to 
works  by  Dixon  and  Eringen  [5]  and  Toupin  [6]  wno  eventually  used  similar 
formulations  that  we  employ  here.  The  present  formulation  is  certainly 
applicable  for  cases  where  the  component  of  the  magnetic  flux  perpen¬ 
dicular  to  the  particle  velocity  is  very  small  as  compared  to  the 
component  parallel  to  the  particle  velocity. 

Carrying  (3.6)  to  (3,9)  into  (3.5),  the  ■'nequalities  (3.5)  are 
simplified  to 


(3.10) 


29(e)  "(e;  * 


*u<~> 


(e)  - 


2e(s)  (e)  £ 


(s)  - 


(3.11) 


The  principle  of  objectivity  requires  that  must  have  the  following 


form 


(3.12) 


,<S) 


(.)  '  *(s)  (a  ’  EKL  •  PK  •  V 


where  ,  P^  ,  and  are  defined  by 


2  EKL  *  gk£X,Kx,L_GKL 


(3.13) 


D  K  «  K  u£ 

PK  =  ®k2.X,KP (s)  *  “x  =  *£*,«“(.) 


Here  ERL  is  the  Lagrangian  strain  tensor  defined  on  the  material  coordinate 


system  X  whose  metric  tensor  is  G„. .  The  constitutive  equations  for  the 

KL 


stress  tensor,  fiectric  field,  and  magnetic  flux  now  take  the  forms 


(3.14) 


Jt*  v<(s)  k  %  ,  ck  VZ  .  nk  JL 

\  *  P/  \  1/11  X„.X-+E,  .P,  *+B  M,  v 

(s)  K(s)  3Ekl  ,K  ,L  (s)  (s)  (s) 


M 


dV 


(3.15)  E~  «  p,_x  x- 


M.  k 


(s)  M(s)  3Pk  *,K 


BU  =  p 


ay 


tel  k 


(s)  3^ 


Here,  it  is  seen  from  (3.14)  that  the  condition  (2.9)  is  satisfied  if 


(3.16) 


T(t)  "  ° 


a  *  e,s 


From  this  general  formulation,  various  order  constitutive  equations 


may  be  obtained.  In  particular  for  isotropic  materials,  the  stress  tensor, 
electric  and  magnetic  fields  can  be  expressed  in  terms  of  certain  invariants 


s 


Eringen  [1]  for  a  single  medium,  therefore  we  do  not  repeat  them  here.  In 
what  follows  we  will  be  interested  in  the  linear  constitutive  equations. 


I 


5fc' 

| 


**“ — 
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4.  LINEAR  CONSTITUTIVE  EQUATIONS 


For  the  linear  constitutive  theory,  the  difference  between  material 
and  spatial  coordinate?  may  be  disregarded.  In  this  case,  the  constitutive 
equations  presented  in  (3.14)  to  (3.15)  reduce  to 


(4.1)  t?*  *  p,  Va^  +  £*?  \?/  n  +  sSi*  .  -  (P,  (E,  .+M,  .  *B)g‘ 

(s)  ^(s)dek£  (s)  (s)  (s)  Ms)-(s)  ~(s) 


kl 


(4.2) 


3<r 


(S)  =  p(s)  _(s) 


=  p 


M 


3P 


k 


(s)  ,,M(s) 
aMk 


ki 


Here,  the  infinitesimal  strain  tensor  e  is  defined  by 


(4.3) 


ek2.  5  ^  (uk;£+u*;k' 


where  u  is  the  displacement  vector. 

For  linearly  isotropic  materials,  we  express  the  free  energy  of 
solid  continuum  as 


(4.4)  V 


(er)Z  +  ek\°  +  IF 

r  p(s)  K  ^P(s) 


(s)  2  0 

2p(s) 


x  1  2 
~  P,  .  + 


X  2  ,  2 

(s)  ‘  2p,  ^  *  (s) 


( s ) 


where  X  ,  p  ,  x.  ,  x,  are  the  material  constants,  and  p9  .  and  p,  ,  are,  respec- 

X  <-  \SJ  \S/ 

tively  the  mass  density  in  the  undeformed  and  deformed  bodies.  The 


(4.5) 


°W  *  "(.)  (l-? 


Inserting  (4.4)  into  (4.1)  and  (4.2),  and  using  (4.5),  the  linear 
constitutive  equations  are  obtained  to  be 


E(s)  “X1  P(s) 


uk 

B  ‘*2  M(s) 


JvW  <-  "  '  ^  '  '  ■ 


(4.  1) 


tk£  .  r  kl,  ,  kJl  .  ck  _£. 

C(s)  “  Aer  g  *Ue  *  EU)  p(s> 

'  I  (?(s)-E(S)+S(S)-?>*k<1 


k  JL 
fl  M,  . 
(s) 


Here  we  have  neglected  the  powers  of  infinitesimal  strain  tensor  higher 
than  the  first. 

In  equation  (4.7)  it  is  interesting  to  note  that  the  total  stress 

kJt 

tensor  t^  of  solid  continuum  consists  of  two  parts:  The  first  part  is 
the  classical  Hook's  law,  and  the  second  part  is  none  other  than  Maxwell 
stress  tensor. 

In  the  linear  theory,  the  forms  of  the  rate  of  linear  momentum 
transfer,  energy  and  entropy  transfers  are  (cf.  [4]) 


(4.8) 


.  =  v  ..t  . 

(e)  (es)  (s) 

6o  (e(s)"e(e))  +  81  “(es)  +  62  er  +  03  (er)2 


(4.9) 


(4.10) 


+  Vk  V  +  85M(s)  +  86P(s)  +  fi7~(es)*P(s) 

_  =  _  +  „  u2  +  „  er  +  (er}2 

n(e)  6  Y1  (es)  Y2er  Y3*V 


V  c  2  2 

+  ye  e.  .  +  Yc^/  ^  +  Y£P/  >  +  Y-»u/-  \*Py  % 
'4  k£  '5  (s)  6  (s)  7~ (es)  -(s) 


Material  moduli  v  ,  r  ,  80  to  8^  and  y^  to  Y -j  appearing  in  (4.8)  to  (4.10) 
are  functions  of  density  of  electron  continuum. 

The  local  Clausius-Duhem  inequality  imposes  the  following  restrictions 
on  these  coefficients 


r/c-  \  ?  ?y**?TV>>.g  rn.wC.JT  i 
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9  6 

6  >  0  ;  -  v  +  (  <e)  )  y  +  P  >  0  ;  +  3,  +  (  ,<e)  )  y,  >  0 

0  -  "  “(s)  1  1  -  6  ®(S)  6  ' 


e, 


e 


(  2  V  *  *1  *  (  o!C  >  *1  )  (  *  e6  *1  G  e!  >  )  "  I  <  T  **7  *  e!eN>2^  0 


<s) 


0,  \ 

1.!  (e)' 


°(e>, 


0  •  +  e3  +(e  >  y3  >  o  ,  +  b4  +  (  )  Y,  >  o 

(s)  (s) 

0, 


(4.11) 


(e) 


+  *5  +  <  6  >  >5  i  ° 

(s) 


where  it  is  understood  that  plus  sign  is  for  the  solid  continuum  and  the 
minus  sign  for  the  electrons. 

The  field  equations  from  (2.2)  to  (2.28),  with  constant  and  equal 
temperatures,  are  given  by 


(4.12) 


3p 


a^M+dIV  <“(c>  u(e)  >-» 


(4.13)  -nM  +  1M  E(c)  +  p(e)  -  v  »(es)  -T  p 


(s) 


(4.14) 


3p 


di.  (  »(s)  v(s)  )  -  0 


(4.15) 


(  a+u  )yv*u  +  +  qc(s):(s)  +  (  ?(S)*B  ) 


+  ~‘l  2  -(s)^(s)  +  -(s)3?  ”  2  ?<s)*-(s^  1  +  p(s)  (  -(s)"V(s)  } 


=  V  U,  .  +  T  P,  . 
~(se)  -(s) 


where  q^j  and  are  defined  by 


(4.16) 


1  (s)  -  q(s)  ~  P(s) 


n,-„\  =  p 


’  a?ki 


(e)  P(e>  3p 
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■M 

5? 
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5.  EQUATIONS  OF  ELASTIC  CONDUCTORS 


To  obtain  a  continuum  theory  of  elastic  conductors,  we  assume  that 
the  inertia  and  thermodynamic  pressure  of  electronic  continuum  are 
small  as  compared  to  the  inertia  and  stress  of  elastic  continuum.  Under 
these  assumptions,  by  summing  equations  (4.13)  and  (4.15)  and  neglecting 
the  electron  inertia  and  pressure,  we  obtain  the  field  equations  of 
elastic  conductors 

(5.1)  (A  +  p)VF  •  u  +  pV2u  +  q£E  +  P**  B  +  V*[?.P  *S>  E  +  M0B  -  j  P  0 


+  i  *  B  =  p(f  -  v) 


and  Maxwell’s  equations  are 


(5.2) 


.  3B  .  3D  , 

!x?+___=°  ,  pXH=--  +  TJ 


V  •  D  =  4ttq  ,  V  *  ®  =  0 


where  for  brevity  we  wrote 


^1(e)9(eS>.  §  =  !(„)  -  ?!?(S )•  t,S?(S) 


(5.3) 


f  s  f 


Hs)  ’ 


p  =  p 


(s) 


,  V  =  v(s),  q  =  q,.*  +  q-  '  -  7  *  P 


(e)  "  H(s) 


(s) 


Here,  it  should  be  noted  that  the  conduction  current  i  is  still  an  unknown, 
but  we  have  the  equations  of  balance  of  linear  momentum  for  electrons 

<5.«  1(.)S(e)  '  "S<es>  '  \  ' 

Recalling  the  definition  of  conduction  current  and  (2.8)^,  equation  (5.4) 
may  be  written  as 
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'-^y*^^  -W^*- 


(5.5) 


(~+  q 

<1 


(o)^ 


E  +  i 


(e) 


The  solution  of  i  from  (5.5)  is  found  to  be 


(5.6) 


*k  =  °kJT£ 


where  o^  i3  the  conductivity  tensor  given  by 


(5.7) 

with 


’a 


I6ij  v2  °iDj  T  v  EijkV 


.ifi. 


®*B.  +  ~  e .  B.  ] 


1  + 


°n  =  q(e)(TX^H)/v 


(5.8) 


In  (5.7),  the  first  term  on  the  right-hand  side  denotes  the  current 
parallel  to  the  effective  electric  field,  and  the  second  and  third  terms 
give  the  currents  parallel  to  the  magnetic  field  and  perpendicular  to 
the  magnetic  and  electric  fields.  The  last  type  of  current  is  kncwn  as 
the  Hall  current.  As  might  be  seen  from  (5.7),  the  conductivity  tensor 


is,  in  general,  a  function  of  the  magnetic  field  and  the  density  of 


electron  gas. 

Further  simplification  of  (5.7)  results,  if  the  following  condition 
holds,  i.e., 

I?i  k 


(5.9) 


Lie). 


«1 


This  condition  holds  if  the  gyrofrequency  of  electrons  is  small  as 
compared  to  the  collision  frequency  v.  For  this  case,  the  conductivity 
tensor  reduces  to 


I 


2 


1 

£ 


1 


^  r'.*r£i  r«xJL  *i  f~  ^ 


***  S^i^s^-v 


I 


I 


6.  SPHERICAL  CAVITY  SUBJECT  TO  CONSTANT  ELECT. I  STATIC  POTENTIAL 


In  this  section  we  give  the  solution  of  a  problem  concerned  with  a 
spherical  cavity  subject  to  a  constant  electrostatic  potential  and 
located  in  an  infinite  solid  plasma.  This  type  of  problem,  known  as 
electrostatic  probe,  is  widely  used  in  gaseous  plasma  to  determine  certain 
characteristics  of  probes.  It  is  hoped  that  the  solution  of  this  problem, 
together  with  an  experiment  which  can  be  performed  in  a  manner  similar 
to  gaseous  probe,  will  be  helpful  in  determining  the  material  constants 
appearing  in  the  present  derivation.  Since  the  problem  is  electro^tati- 
in  nature,  all  magnetic  and  collisional  effects  are  negligible.  The 
field  equations  (4.13),  (4.15),  and  (4.18)^,  neglecting  all  the  second 
order  terms,  reduce  to: 


(6.1) 


~'"<e)  +  1(e)?  +  T?(s)  =  ° 


(6.2) 


(.\  +  u)V7  •  u  +  uV  u  +  q,  \E-  tP,  .  =  0 
-  (s)~  -(e) 


(6.3) 


V  •  D  =  4Tjq 


(6.4) 


®  "  5  «<•>  +  "(e) 


"«v*  *  *.*v  vS^-y^ 
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(6.5) 


(e)  eNe) 

*  q(e) 

"  'eN(e) 

(s)  msN(s) 

’  q(s) 

*  ZeN(S) 

where  me,  m^,  e  and  Z  are  respectively  the  masses  of  a  particle  in 
electron  and  solid  continua,  electronic  charge,  and  the  number  of 
valance  electrons  in  the  structure  of  an  ionic  lattice  cell. 

In  order  to  proceed  further,  one  must  know  the  forms  of  and 

?.  For  this  particular  problem  they  are  assumed  to  be  of  the  forms 


(6.6) 


it.  .  =  KO,  J,  . 
(e)  (e)  (e) 


t  =  e(Z-o)N(s) 


where  K  is  the  Boltzmann  constant,  0^  is  the  electron  temperature, 
and  o  i3  a  new  constant  which  characterizes  the  interaction  between 
the  ionic  lattice  and  electronic  charge. 

Introducing  the  electrostatic  potential  4>  (as  usual) ,  and  using 
(6.5)  and  (6.6)  in  (6.1)  to  (6.3),  the  field  equations  take  the  following 
form 


\i.7) 


K0 


(e) 


dN 


-  eN.  .  ~  +  e(Z-o)N.  .  ~  =  0 
dr  (e)  dr  (s)  dr 


(6.8) 


(1 


+  2*>  f;  - 


eZN .  .  &  +  e(Z-o  )N .  .  ~  =  0 
(s)  dr  (s)  dr 


(6.9)  V2«  =  if  nM  -  ZN(S)) 

where  t  is  the  volume  dilatation  defined  by 


a 


..v,.  ^ 


«*.*.*,,**,.  -y»5j^is  *7-5  ♦%.'»:-*  >*«.**.•  ,,  JU~ 


*  'J** 


8e calling  the  relation. 


a  -  1  d  /  2  . 

4  =  “d?  <r  "r) 
r 


N(S)  -s(S)a' a) 


The  equation  (6,8)  may  be  written  as 


(6,10) 


(X+2u)  u“(s)  ...  d6  „ 

M°  dr  (s)  dr 

N,  . 

(s) 


U 

where  N,g^  is  the  undeformed  particle  number  density  of  the  ionic  lattice 


cell. 


The  equation  (6.10)  can  be  integrated  to  obtain 


(6.11) 


eaN,  , 

N(s)  -  A  expt  - 


Here  A  is  an  integration  constant  to  be  determined  from  the  condition 


(6.12) 


N»  *  **■  N/  \  .  ❖  0  ,  as  r  -1  " 

<.s)  (s) 


The  result  is 


(6.13) 


N<s)  =  N(s)  2f^*] 


Inserting  (6.13)  into  equation  (6. 7), and  solving  the  resulting 
nonhotno gene ous  differential  equation  for  N^-  we  obtain 


(Z-o)U+2p)N. 


(6.14)  Sf  .  =  B  exp[“~ e 

W  K°(e)  (A+2u)+K9(e)oN"g) 


o  expi-(T 


•~i 


where  B  is  a  constant  of  integration  and  may  be  determined  from  the 
regularity  condition 


<2&5i£»riS 
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(6.15) 


0 

-*■  ■*  0  ,  as  r  +  “ 


The  use  of  (6.15)  in  (6.14)  gives  the  electron  number  density  as 


(6.16) 


N 


(e) 


0  o 

(z-o) (A+2u)N.  .  eoN,  .  q 

„  .fexp!'<"S:2rH  •  eXpIK8^  4))*11(e)exp[l 


(M2p)+K0{e)»(s)O 


Here  is  the  initial  number  density  of  the  electronic  charge 

continuum . 

If  we  introduce  (6,13)  and  (6.16)  into  (6.9),  the  resultant 
ordinary  differential  equation  will  be  highly  nonlinear  which  cannot 
be  treated  by  analytical  means.  This  nonlinear  equation  can  be 
simplified  by  the  following  arguments  which  are  similar  to  the  one 
used  in  the  gaseous  plasma,  i.a.. 


(6.17) 


e$ 


KG 


(e) 


«  1 


eaN 


is 1 


X+2p 


«  1 


which  states  that  the.  thermal  energy  of  electronic  charge  and  the  elastic 
energy  of  the  ionic  lattice  are  very  large  as  compared  to  the  electrostatic 
potential  of  the  medium.  This  assumption  is,  in  particular,  valid  at 
far  distances  from  the  surface  of  the  spherical  probe .  If  this  is  the 
case,  one  can  expand  and  into  a  power  series  of  <?■.  Retaining 

only  the  first  two  terms  of  the  series  and  introducing  the  result  into 
equation  (6.9),  we  obtain 

(6.18)  V2*  r,  kJ* 

2 

where  is  defined  by 
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I  i 


w  f. 


1  s 
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i  * 
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$  i 
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K2  *  ^2£_  [( — - 
D  e  l'K9 


ZoN 


Is) 


(e) 


X-*-2p 


>U  - 


(Z-a) (X+2p)N 


feL 


(X+2p)+K6(e)oN(s) 


")] 


In  obtaining  the  equation  (6. IS),  we  have  required  the  charge  neutrality 
at  the  initial  state,  i.et, 


(6.19) 


0  0 
V>  *  2N(S) 


In  addition,  we  require  that  _>  0.  This  condition  is  known  as  the 
3 ohm  shie j  ding  criteria. 


The  solution  of  (6. 18), with  vanishing  4*  at  infinity,  is  given  by 

(6.20) 


4>  =  C  -- 


•v 


Here  C  is  a  constant  of  integration  which  may  be  determined  by  equating 


the  potential  to  the  given  potential  $  at  the  surface  of  the  probe. 

0 


The  result  is: 
(6.21) 


“Vr‘a)  a 

4>  =  4  e  <— ) 

0  r 


where  a  is  the  radius  of  the  metallic  probe. 

From  the  definition  of  dilatation  3nd  its  relation  to  the  number 
density  of  a  solid  continuum,  one  can  find  the  radial  component  of 
displacement  satisfying  the  stress  free  boundary  condition.  The  final 
result  is  given  by 


3  ,  2  eo  4>  eo<?na  .  .  -iL(r-a) 

u  _  ra_  .  _1 —  (A-  +  -A)  i  - £  _  - £_  a.  _! — D 

Ur  "  4y  +  X+2u  (K_  v2jl  _2  X+2p  ( 


(6.22) 
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2  2 
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•-,-0 


Similarly,  the  approximate  number  densities  are: 


and  th*  number  of  densities  on  the  surface  of  the  sphere.  These  are: 

eo<*>„ 


(6.24) 


eo<J  a  q 

“r(a)  *  ~TT~  •  t!<s)(a>  ■  S(s)  (1  "  A+2? 


S(e)(a)  ‘  S<e)(1  +  Sa4c  > 


From  physical  considerations,  one  expects  that 


lfe-°  >  S^° 


This  requirement  is  consistent  with  the  one  posed  for  K^. 

If  the  same  problem  was  solved  by  use  of  the  classical  theory  of 
elastic  conductors,  the  result  would  be 


(6.25) 


«  =  $„(“) 

or 


which  is  equivalent  to  equation  (6.21)  as  approaches  to  zero. 

As  a  concluding  remark,  it  is  worthwhile  to  cite  that  the  present 
approach  not  only  gives  the  distribution  of  electrostatic  potential  but 
also  the  variations  of  the  densities  of  the  electronic  and  ionic  species 
that  form  an  elastic  conductor. 
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0p-07T 

Special  Projects  Office 
(CNM-PM-i)  (MUN) 

Department  of  the  Navy 
Washington,  D.  C.  20360 
Attn:  NSP-001  Dr.  J.  P.  Craven 

Deep  Submergence  Sys.  Project 
(CNM-PM-11) 

6900  Wisconsin  Avenue 
Chevy  Chase.  Md.  20015 
Attn:  PM-1120  S.  Hersh 


U.  S.  Naval  Electronics  Laboratory 
Attn:  Dr.  R.  J.  Christensen 
San  Diego.  California  92152 
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Director  Aeronautical  Materials  Lah. 
Naval  Air  Engineering  Center 
Naval  Base 

Philadelphia,  Pennsylvania  19112 


Naval  Air  Systems  Command 
Dept,  of  the  Navy 
Washington,  D.  C.  20360 
Attn:  NAIR  03  Res.  &  Technology 
320  Aero.  &  Structures 
5320  Structures 
604  Tech.  Library 


Naval  Facilities  Engineering 
Command 

Dept,  of  the  Navy 

Washington,  D.  C.  20360 

Attn:  NFAC  03  Res.  &  Development 

04  Engineering  &  Design 
04128  Tech.  Library 


Naval  Ship  Systems  Command 
Dept,  of  the  Navy 
Washington,  D.  C.  20360 
Attn:  NSHIP  031  Ch.  Scientists  for  R  & 
0342  Ship  Mats.  &  Structs. 
037  Ship  Silencing  Div. 

052  Shock  &  Blast  Coord. 
2052  Tech.  Library 


Naval  Ship  Engineering  Center 
Main  Navy  Building 
Washington,  D.  C.  20360 

Attn:  NSEC  6100  Ship  Sys.  Engr.  &  Des.  Dept. 
6102C  Cot  4.uterated  Ship  Des. 

6105  Ship  Protection 
6110  Ship  Concept  Design 
6120  Hull  Div.  -  J.  Nachtsheim 
6120D  Hull  Div.  -  J,  Vast  a 
6132  Hull  Structs.  -  (4) 


Naval  Ordnance  Systems  Command 
Dept,  of  the  Navy 
Washington,  D.  C.  20360 
Attn:  NORD  03  Res.  &  Technology 
035  Weapons  Dynamics 
9132  Tech.  Librarv 


Air  Force 


Commander  WADD 

Wright-Patterson  Air  Force  Base 
Dayton,  Ohio  45433 
Attn?  Code  WWRMDD 
AFFDL  (FDDS) 
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Wright-Patterson  AFfi  (cont'd) 
Attn:  Structures  Division 
AFLC  (MCEFA) 

Code  WWRC 
AFML  (MAAM) 

Code  WCLSY 

SEG  (SEFSD,  Mr.  Lakin) 


Commander 

Chief,  Applied  Mechanics  Group 
U.  S.  Air  Force  Inst,  of  Tech. 
Wright-Patterson  Air  Force  Base 
Dayton,  Ohio  45433 


Chief,  Civil  Engineering  Branch 
WLRC,  Research  Division 
Air  Force  Weapons  Laboratory 
Kirtland  AFB,  New  Mexico  87117 


Air  Force  Office  of  Scientific  Res. 
1400  Wilson  Blvd. 

Arlington,  Virginia  22209 
Attn:  Mechs.  Div. 


NASA 


Structures  Research  Division 

National  Aeronautics  &  Space  Admin . 

Langlej  Research  Center 

Langley  Station 

Hampton,  Virginia  23365 

Attn:  Mr.  R.  R.  Heldenfels,  Chief 


National  Aeronautic  &  Space  Admin. 
Associate  Administrator  for  Advanced 
Research  &  Technology 
Washington,  D.  C.  20546 


Scientific  6  Tech.  Info.  Facility 
NASA  Representative  (S-AK/DL) 

P.O.  Box  5700 
Bethesday,  Maryland  20014 


National  Aeronautic  6  Space  Admin. 
Code  RV-2 

Washington,  D.  C.  20546 
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Other  Government  Activities 


Commandant 

Chief,  Testing  &  Development  Div. 
U.  S.  Coast  Guard 
1300  E  Street,  N.  W, 

Washington,  D.  C.  20226 


I 


Director 

Marine  Corps  Landing  Force  Devel.  Can. 
Marine  Ccrps  Schools 
Quantico,  Virginia  22134 


Director 

National  Bureau  of  Standards 
Washington,  D.  C.  20234 
Attn:  Mr.  B.  L.  Wilson,  EM  219 


National  Science  Foundation 
Engineering  Division 
Washington,  D.  C.  20550 


Science  &  Tech.  Division 
Library  of  Congress 
Washington,  D.  C.  20540 


Director 

STBS 

Defense  Atomic  Support  Agency 
Washington,  D.  C.  20350 


Conroander  Field  Command 
Defense  Atomic  Support  Agency 
Sandia  Base 

Albuquerque,  Net#  Mexico  87115 


Chief,  Defense  Atomic  Support  Agcy. 
Blast  6  Shock  Division 
The  Pentagon 
Washington,  D.  C.  20301 


Director  Defence  Research  &  Engr. 

Technical  Library 

Room  3C-128 

The  Pentagon 

Washington,  D.  C.  20301 


Chief,  Airframe  &  Equipment  Branch 
FS-120 

Office  of  Flight  Standards 
Federal  Aviation  Agency 
Washington,  D.  C.  20553 


Chief,  Division  of  Ship  Design 
Maritime  Administration 
Washington,  D.  C.  20235 


Deputy  Chief,  Office  of  Ship  Constr. 
Maritime  Administration 
Washington,  D.  C.  20235 
Attn:  Mr.  U.  L.  Russo 


Mr.  Milton  Shaw,  Director 
Div.  of  Reactor  Devel.  6  Technology 
Atomic  Energy  Commission 
Germantown,  Md.  20767 


Ship  Hull  Research  Committee 
National  Research  Council 
National  Academy  of  Sciences 
2101  Constitution  Avenue 
Washington,  D.  C.  20418 
Attn:  Mr.  A.  R.  Lytle 


PART  2  -  CONTRACTORS  AND  OTHER 
TECHNICAL  COLLABORATORS 


Universities 


Professor  J.  R.  Rice 
Division  of  Engineering 
Brown  University 
Providence,  Rhode  Island  02912 


Dr.  J.  Tinsley  Oden 
Dept,  of  Engr.  Mechs. 
University  of  Alabama 
Huntsville,  Alabama 


Professor  M.  E.  Gurtin 
Dept,  of  Mathematics 
Carnegie  Institute  of  Technology 
Pittsburgh,  Pennsylvania  15213 


Professor  R.  S.  Rivlin 

Center  for  the  Application  of  Mathematics 

Lehigh  University 

Bethlehem,  Pennsylvania  18035 


Professor  Julius  Miklowitz 
Divifion  of  Engr.  &  Applied  Sciences 
California  Institute  of  Technology 
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Professor  George  Sih 
Department  of  Mechanics 
Lehigh  University 
Bethlehem,  Pennsylvania  18015 


Professor  B.  A.  Boley 
Department  o£  Theor.  &  Appl.  Mech. 
Cornell  University 
Ithaca,  New  York  14850 
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Dr.  Harold  Liebowitz,  Dean 
School  of  Engr.  &  Applied  Science 
George  Washington  University 
725  23rd  Street 
Washington,  D.  C.  20006 

Professor  Eli  Sternberg 
Div.  of  Engr.  &  Applied  Sciences 
California  Institute  of  Technology 
Pasadena,  California  91109 


Professor  Paul  M.  Naghdi 
Div.  of  Applied  Mechanics 
Etcheverry  Hall 
University  of  California 
Berkeley,  California  94720 

Professor  Wm.  Prager 
Revelle  College 
University  of  California 
P.  0.  Box  109 

La  Jolla,  California  92037 

Professor  J.  Baltrukonis 
Mechanics  Division 
The.  Catholic  University  of  America 
Washington,  D.  C.  20017 

Professor  A.  J.  Durelli 
Mechanics  Division 
The  Catholic  University  of  America 
Washington,  D.  C.  20017 
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Professor  H.  H.  Bleich 
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Department  of  Civil  Engr 

% 

Columbia  University 

1 

S.  W.  Mudd  Building 
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New  York,  New  York  10027 
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Professor  F.  L.  DiMaggio 

Department  of  Civil  Engr 

St 

% 

Columbia  University 

616  Mudd  Buiiding 

New  York,  New  York  10027 

K 


Professor  A.  M.  Freudenthal 
Department  of  Civil  Engr.  & 
Engr.  Mech. 

Columbia  University 
New  York,  New  York  10027 
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Professor  P.  G.  Hedge 
Department  of  Mechanics 
Illinois  Institute  of  Technology 
Chicago,  Illinois  60616 

Dr.  D.  C.  Drucker 
Dean  of  Engineering 
University  of  Illinois 
Urbana,  Illinois  61603 

Professor  N.  M.  Newmark 
Dept,  of  Civil  Engineering 
University  of  Illinois 
Urbana,  Illinois  61803 

Professor  A.  R.  Robinson 
Department  of  Civil  Engr. 
University  of  Illinois 
Urbana,  Illinois  61803 

Professor  S.  Taira 
Department  of  F.  gineering 
Kyoto  University 
Kyoto,  Japan 

Professor  James  Mar 
Massachusetts  Inst,  of  Tech. 

Rm.  33-318 

Dept,  of  Aerospace  &  Astro. 

77  Massachusetts  Avenue 
Cambridge,  Mass.  02139 

Professor  E.  Reissner 
Dept,  of  Mathematics 
Massachusetts  Inst,  of  Tech. 
Cambridge,  Mass.  02139 

Professor  William  A.  Nash 
Dept,  of  Mechs.  &  Aerospace  Engr. 
University  of  Mass. 

Amherst,  Mass.  01002 

Library  (Code  0384) 

U,  S.  Naval  Postgraduate  School 
Monterey,  California  93940 

Professor  Arnold  Allentuch 
Dept,  of  Mechanical  Engineering 
Newark  College  of  Engineering 
323  High  Street 
Newark,  New  Jersey  07102 
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Professor  R.  D.  Mindlin 
Department  of  Civil  Engr. 
Columbia  University 
S.  W.  Mudd  Building 
New  York,  New  York  10027 

Professor  E.  L.  Reiss 
Courant  Inst,  of  Math.  Sciences 
New  York  University 
4  Washington  Place 
New  York,  New  York  10003 

Professor  Bernard  W-  Shaffer 
School  of  Engrg.  &  Science 
New  York  University 
University  Heights 
New  York,  New  York  10453 

Dr.  Francis  Cozzarelli 
Div.  of  Interdisciplinary 
Studies  and  Research 
School  of  Engineering 
State  Univ.  of  New  York 
Buffalo,  New  York  14214 

Professor  R.  A.  Douglas 
Dept,  of  Engr.  tlechs. 

North  Carolina  State  Univ< 
Raleigh,  North  Carolina  27607 

Dr.  George  Herrmann 
The  Technological  Institute 
Northwestern  University 
Evanston,  Illinois  60201 

Professor  J.  D.  Achenbach 
Technological  Institute 
Northwestern  Uni.versity 
Evanston,  Illinois  60201 

Director,  Ordnance  Research  Lab. 
Pennsylvania  State  University 
P.  0.  Box  30 

State  College,  Pennsylvania  16801 


Professor  J.  Kempner 

Dept,  of  Aero.  Engr.  &  Appl.  Mech. 

Polytechnic  Institute  of  Brooklyn 

333  Jay  Street 

Brooklyn,  New  York  11201 

Professor  J.  Klosner 
Polytechnic  Institute  of  Brooklyn 
333  Jay  Street 
Brooklyn,  New  York  11201 

Professor  A.  C.  Eringen 

Dept,  of  Aerospace  &  Mech.  Sciences 

Princeton  University 

Princeton,  New  Jersey  08540 

Dr,  S.  L.  Koh 

School  of  Aero.,  Astro.  &  Engr.  Sci. 
Purdue  University 
Lafayette,  Indiana  47907 

Professor  R.  A.  Schapery 
Purdue  University 
Lafayette,  Indiana  47907 

Professor  E.  H.  Lee 
Div.  of  Engr.  Mechanics 
Stanford  University 
Stanford,  California  94305 

Dr.  Nicholas  J.  Hoff 
Dept,  of  Aero.  &  Astro. 

Stanford  University 
Stanford,  California  94305 

Professor  Max  Anliker 
Dept,  of  Aero.  &  Astro. 

Stanford  University 
Stanford,  California  94305 

Professor  J.  N.  Goodier 
Div.  of  Engr.  Mechanics 
Stanford  University 
Stanford,  California  94305 


Professor  Eugene  J.  Skudrzyk 
Department  o.:  Physics 
Ordnance  Research  Lab. 

Pennsylvania  State  University 
P.  0.  Box  30 

State  College,  Pennsylvania  16801 
Dean  Oscar  Baguio 

Asscc.  of  Struc.  Engr.  of  the  Philippines 
University  of  Philippines 
Manila,  Philippines 


Professor  H.  W.  Liu 

Dept,  of  Chemical  Engr.  &  Metal. 

Syracuse  University 

Syracuse,  New  York  13210 

Professor  Markus  Reiner 
Technion  R  &  D  Foundation 
Haifa,  Israel 
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Professor  Tsuyoshi  Hayashi 
Department  of  Aeronautics 
Faculty  of  Engineering 
University  of  Tokyo 
Bunkyo-Ku 
Tokyo,.  Japan 

Professor  J.  E.  Fitzgerald,  Ch. 
Dept,  of  Civil  Engineering 
University  of  Utah 
Salt  Lake  City,  Utah  84112 

Professor  R.  J.  H.  Bollard 
Chairman,  Aeronautical  Engr,  Dept. 
207  Guggenheim  Hall 
University  of  Washington 
Seattle,  Washington  98105 

Professor  Albert  S.  Kobayashi 
Dept,  of  Mechanical  Engr. 

University  of  Washington 
Seattle,  Washington  98105 

Officer-in-Charge 

Post  Graduate  School  for  Naval  Off. 
Webb  Institute  of  Naval  Arch. 
Crescent  Beach  Road,  Glen  Cove 
Long  Island,  New  York  11542 

Librarian 

Webb  Institute  of  Naval  Arch. 
Crescent  Beach  Road,  Glen  Cove 
Long  Island,  New  York  11542 

Solid  Rocket  Struc.  Integrity  Cen. 
Dept,  of  Mechanical  Engr. 

Professor  F.  Wagner 

University  of  Utah 

Salt  Lake  City,  Utah  84112 

Dr.  Daniel  Frederick 
Dept,  of  Engr.  Mechs. 

Virginia  Polytechnic  Inst. 
Blacksburgh,  Virginia 


Industry  and  Research  Institutes 

Dr.  James  li.  Wiegand 

Senior  Dept.  4720,  Bldg.  0525 

Ballistics  &  Mech.  Properties  Lab. 

Aerojet-General  Corporation 

P.  0.  Box  1947 

Sacramento,  California  95809 


Mr.  Carl  E.  Hartbower 
Dept.  4620,  Bldg.  2019  A2 
Aerojet-General  Corporation 
P.  0.  Box  1947 
Sacramento,  California  95809 

Mr.  J.  S.  Wise 
Aerospace  Corporation 
P.  0.  Box  1300 

San  Bernardino,  California  92402 

Dr.  Vito  Salerno 

Applied  Technology  Assoc.,  Inc. 

29  Church  Street 
Ramsey,  New  Jersey  07446 

Library  Services  Department 
Report  Section,  Bldg.  14-14 
Argonne  National  Laboratory 
9700  S.  Cass  Avenue 
Argonne,  Illinois  60440 

Dr.  M.  C.  Junger 
Cambridge  Acoustical  Associates 
129  Mount  Auburn  Street 
Cambridge,  Massachusetts  02138 

Dr.  F.  R.  Schwarzl 
Central  Laboratory  T.N.O. 
Schoenmskerstraat  97 
Delft,  The  Netherlands 

Research  and  Development 
Electric  Boat  Division 
General  Dynamics  Corporation 
Groton,  Connecticut  06340 

Supervisor  of  Shipbuilding,  USN, 
and  Naval  Insp.  of  Ordnance 
Electric  Boat  Division 
General  Dynamics  Corporation 
Groton,  Connecticut  06340 

Dr.  L.  H.  Chen 
Basic  Engineering 
Electric  Boat  Division 
General  Dynamics  Corporation 
Groton,  Connecticut  06340 

Dr.  Wendt 

Valley  Forge  Space  Technology  Cen. 
General  Electric  Co, 

Valley  Forge,  Pennsylvania  10481 
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Dr«  Joshua  C.  Greenspon 
J.  G.  Engr.  Research  Associates 
3831  Menlo  Drive 
Baltimore,  Maryland  21215 

Dr.  Walt  D.  Pilkey 
IIT  Research  Institute 
10  West  35  Street 
Chicago,  Illinois  60616 

Library  Newport  News  Shipbuilding 
&  Dry  Dock  Company 
Newport  News,  Virginia  23607 

Mr.  J.  I.  Gonzalez 
Engr.  Mechs.  Lab. 

Martin  Marietta 
MP  -  233 
P.  0.  Box  5837 
Orlando,  Florida  32805 

Dr.  E.  A.  Alexander 
Research  Dept. 

Rocketdyne  D.  W. ,  NAA 

6633  Canoga  Avenue 

Canoga  Park,  California  91304 

Mr.  Cezar  P.  Nuguid 
Deputy  Commissioner 
Philippine  Atomic  Energy 
Commission 
Manila,  Philippines 


Dr.  M.  L.  Baron 

Paul  Weidlinger,  Consulting  Engr. 
777  Third  Ave.  -  22nd  Floor 
New  York,  New  York  10017 


&  Materials 


Mr.  Roger  Weiss 
High  Temp.  Structs. 
Applied  Physics  Lab. 
8621  Georgia  Avenue 
Silver  Spring,  Md. 

Mr.  Wiiliam  Caywood 
Code  BBE 

Applied  Physics  Lab. 
8621  Georgia  Avenue 
Silver  Spring,  Md. 


Mr.  M.  J.  Berg 
Engineering  Mechs.  Lab. 

Bldg.  R-l,  Rm.  1104A 
TRW  Systems 
1  Space  Park 

Redondo  Beach,  California  90278 


Dr.  M.  L.  Merritt 
Division  5412 
Sandia  Corporation 
Sandia  Base 

Albuquerque,  New  Mexico  87115 


Director 

Ship  Research  Institute 
Ministry  of  Transportation 
700,  Shinkawa 
Mi  taka 
Tokyo,  Japan 

Dr.  H.  N.  Abramson 
Southwest  Research  Institute 
8509  Culebra  Road 
San  Antonio,  Texas  78206 

Dr.  Rt  C.  DeHart 
Southwest  Research  Institute 
8500  Culebra  Road 
San  Antonio, Texas  78206 


Professor  Tsuyoshi  Hayashi 
Department  of  Aeronautics 
Faculty  of  Engineering 
University  of  Tokyo 
Bunkyo-Ku 
Tokyo,  Japan 

Professor  J.  E.  Fitzgerald,  Ch. 
Dept,  of  Civil  Engineering 
University  of  Utah 
Salt  Lake  City,  Utah  84112 

Professor  R.  J.  H.  Bollard 
Chairman,  Aeronautical  Engr.  Dept. 
207  Guggenheim  Hall 
University  of  Washington 
Seattle,  Washington  98105 

Professor  Albert  S.  Kobayashi 
Dept,  of  Mechanical  Engr. 

University  of  Washington 
Seattle,  Washington  98105 

Of  ficer-in-Charge 

Post  Graduate  School  for  Naval  Off. 
Webb  Institute  of  Naval  Arch. 
Crescent  Beach  Road,  Glen  Cove 
Long  Island,  New  York  11542 

Librarian 

Webb  Institute  of  Naval  Arch. 
Crescent  Beach  Road,  Glen  Cove 
Long  Island,  New  York  11542 

Solid  Rocket  Struc.  Integrity  Cen. 
Dept,  of  Mechanical  Engr. 

Professor  F.  Wagner 

University  of  Utah 

Salt  Lake  City,  Utah  84112 

Dr.  Daniel  Frederick 
Dept,  of  Engr.  Mechs. 

Virginia  Polytechnic  Inst. 
Blacksburgh,  Virginia 


Industry  and  Research  Institutes 

Dr.  James  H.  Wiegand 

Senior  Dept.  4720,  Bldg.  0525 

Ballistics  &  Mech.  Properties  Lab. 

Aerojet-General  Corporation 

P.  0.  Box  1947 

Sacramento,  California  95803 


Mr.  Carl  E.  Hartbower 
Dept.  4620,  Bldg.  2019  A2 
Aerojet-General  Corporation 
P.  0.  Box  1947 
Sacramento,  California  95809 

Mr.  J.  S.  Wise 
Aerospace  Corporation 
P.  0.  Box  1300 

San  Bernardino,  California  92402 

Dr.  Vito  Salerno 

Applied  Technology  Assoc.,  Inc. 

29  Church  Street 
Ramsey,  New  Jersey  07446 

Library  Services  Department 
Report  Section,  Bldg.  14-14 
Argonne  National  Laboratory 
9700  S.  Cass  Avenue 
Argonne,  Illinois  60440 

Dr.  M.  C.  Junger 
Cambridge  Acoustical  Associates 
129  Mount  Auburn  Street 
Cambridge,  Massachusetts  02138 

Dr.  F.  R.  Schwarzl 
Central  Laboratory  T.N.O. 
Schoenmakerstraat  97 
Delft.  The  Netherlands 

Research  and  Development 
Electric  Boat  Division 
General  Dynamics  Corporation 
Groton,  Connecticut  06340 

Supervisor  of  Shipbuilding,  USN, 
and  Naval  Insp.  of  Ordnance 
Electric  Boat  Division 
General  Dynamics  Corporation 
Groton,  Connecticut  06340 

Dr.  L.  H.  Chen 
Basic  Engineering 
Electric  Boat  Division 
Genei*al  Dynamics  Corporation 
Groton,  Connecticut  06340 

Dr.  Wendt 

Valley  Forge  Space  Technology  Cen 
General  Electric  Co. 

Valley  Forge,  Pennsylvania  10481 
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Dr.  Joshua  E.  Greens pon 
J.  G.  Engr.  Research  Associates 
3831  Menlo  Drive 
Baltimore,  Maryland  21215 

Dr.  Walt  D.  Piikey 
1IT  Research  Institute 
10  West  35  Street 
Chicago,  Illinois  60616 

Library  Newport  News  Shipbuilding 
&  Dry  Dock  Company 
Newport  News,  Virginia  23607 

Mr.  J.  I.  Gonzalez 
Engr.  Mechs.  Lab. 

Martin  Marietta 
MP  -  233 
?.  0.  Box  5837 
Orlando,  Florida  32805 

Dr.  E.  A.  Alexander 
Research  Dept. 

Rocketdyne  D.  W.,  NAA 

6633  Canoga  Avenue 

Canoga  Park,  California  91304 

Mr.  Cezar  F.  Nuguid 
Deputy  Commissioner 
Philippine  Atomic  Energy 
Commission 
Manila,  Philippines 

Dr.  M.  L.  Merritt 
Division  5412 
Sandia  Corporation 
Sandia  Base 

Albuquerque,  New  Mexico  87115 
Director 

Ship  Research  Institute 
Ministry  of  Transportation 
700,  Shinkawa 
Mi taka 

Tokyo,  Japan 

Dr.  H.  N.  Abramson 
Southwest  Research  Institute 
8500  Culebra  Road 
San  Antonio,  Texas  78206 

Dr.  R.  C.  DeHart 
Southwest  Research  Institute 
8500  Culebra  Road 
San  Antonio, Texas  78206 


Dr.  M.  L.  Baron 

Paul  Weidlinger,  Consulting  Engr. 
777  Third  Ave.  -  i2nd  Floor 
New  York,  New  York  10017 

Mr.  Roger  Weiss 

High  Temo.  Structs.  &  Materials 
Applied  Physics  Lab. 

8621  Georgia  Avenue 
Silver  Spring,  Md. 

Mr.  William  Caywood 
Code  BBE 

Applied  Physics  Lab. 

S621  Georgia  Avenue 
Silver  Spring,  Md. 

Mr.  M.  J.  Berg 
Engineering  Mechs.  Lab. 

Bldg.  R-l,  Rm.  1104A 
TRW  Systems 
1  Space  Park 

Redondo  Beach,  California  90278 
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